Enhanced optical transmission and surface plasmon resonant cavity effects are studied for subwavelength aperture arrays surrounded by rectangular-shaped Bragg mirrors. A circular nanohole array with a surrounding rectangular Bragg resonator exhibits the introduction of polarization-dependent enhanced optical transmission by constructive and destructive interference effects generated within the cavity. The feasibility for high-density packing of several individually distinct nanohole arrays is demonstrated by also using the Bragg mirrors to block surface plasmon interference between multiple such neighboring devices spaced 5 m apart. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2825587͔
Indeed, as the enhanced transmission effect has been studied, the exact role of SPs in the transmission has generated scores of research articles, aimed at understanding and ultimately exploiting the effects of the SP waves in nanophotonic circuitry, 6, 7 SP biosensors, 8, 9 and various device applications. 10 SP subwavelength optics holds a lot of promise for the next generation of integrated photonic elements, and SP waves have been used to demonstrate the twodimensional surface analog of many conventional optical elements: mirrors, 11 beam splitters, and interferometers, 12 and even microscale SP resonant cavities, 13 which we have demonstrated in part in a previous paper. 14 There , we showed that a SP resonant cavity is formed by surrounding a 7 ϫ 7 nanohole array with Bragg mirror grooves, which acts to reflect and confine the SP energy associated with the a transmission peak of the nanohole array. This leads to both constructive and destructive interference effects of the SPs within the nanohole array itself, thereby enhancing ͑by nearly a factor of 4͒ or decreasing ͑in half͒ the transmission at certain wavelengths. By changing the width of the lateral resonant cavity, a periodic modulation of the transmission signal was observed, much like changing the length of a standard FabryPérot cavity. Finite-difference time-domain simulations confirmed the confinement and enhancement of the SP fields for a constructive resonator and weakening of the SP fields for a destructive resonator. 14 The effect is independent of whether or not the grooves are on the illuminated ͑input͒ or reradiating ͑output͒ side of the device, which is distinctly different than the so-called "bull's eye" structure, in which the presence of the grooves leads either to enhanced optical transmission ͑input͒ or to enhanced directionality ͑output͒ upon reradiation through a single subwavelength aperture. 15, 16 In this letter, we develop a polarization-dependent resonant lateral cavity, where the cavity widths in the x and y directions are fixed such that the two orthogonal polarizations excite either a destructive or a constructive mode of the cavity, respectively. Also, the role of the Bragg mirrors is to prevent the SP energy from escaping the area of the nanoholes, tightly localizing their propagation. We observe the transmission properties and the potential for high-density packing, partially discussed in Ref. 14 and 17, of polarization-dependent spots by situating four arrays only a few microns apart in a checkerboard pattern. Such a design integrates several effects: SP generation and resonant cavity interference effects, the enhanced transmission effect through nanohole arrays, polarization-dependent transmission, and tight device localization. Figure 1 shows ͑A͒ a scanning electron microscope ͑SEM͒ image of a rectangular Bragg resonator, ͑B͒ an x-z cross-sectional schematic of the devices, and ͑C͒ a SEM image of a 2 ϫ 2 array of arrays situated in a checkerboard pattern. The nanoholes are created with focused ion beam milling through 100 nm thick gold film with a 5 nm Cr adhesion layer on a glass slide substrate. The nanohole diameter in Fig. 1͑a͒ is 200 nm, and the array periodicity in both the x and y directions is fixed at 630 nm. The arrays in Fig.  1͑c͒ are tuned for He-Ne laser excitation at 632.8 nm, with an array periodicity of 530 nm and a hole diameter of 180 nm. Eight Bragg mirror grooves, each with a width of 60 nm, are milled halfway through the gold film and define the cavity width, shown in Fig. 1͑b͒ . They have a periodicity half that of each nanohole array, which maximizes mirror reflectivity. 18 Figure 2 shows a diagram of the optical microscope setup, allowing for illumination from above with a tungstenhalogen broadband source, as well as illumination from below with a He-Ne laser. A Photometrics CoolSNAP™ HQ 2 charge coupled device ͑CCD͒ camera is mounted on the microscope for image collection. Transmission spectra are obtained with an Ocean Optics™ USB fiber optic spectrometer. More detailed fabrication information can be seen in our previous manuscripts, as well as data collection and spectral normalization methods, and physical analyses. Figure 3͑a͒ shows two spectra obtained from the device of Fig. 1͑a͒ , a rectangular cavity, with polarizations in x and y showing destructive and constructive interference effects, respectively. The location peak of the maximum transmission can be approximated with a first-order grating coupling equation:
Here, m and d are the dielectric constants of the metal film and the surrounding dielectric, respectively, a 0 is the periodicity of the nanohole array, and i and j are integers representing the grating orders in the x and y directions. The ͑1,0͒ transmission peak of the nanohole array 14 appears at 735 nm. The cavity widths are 4610 nm in the x direction and 4925 nm in the y direction. The ͑1,1͒ resonant peak of the array is near 575 nm and is unaffected by the presence of the surrounding Bragg resonator. Since the array itself is square, the ͑1,0͒ and ͑0,1͒ peaks occur at the same wavelength. However, since the surrounding Bragg resonator is asymmetrical, for y polarization, the ͑0,1͒ peak is enhanced through constructive interference of the SPs, and for x polarization, the ͑1,0͒ peak is suppressed by destructive interference. By changing the polarization of the incident light, the transmission at 735 nm through the circular-hole array is modulated, with a maximum to minimum contrast ratio of about 4. In the case of x polarization, a "sidelobe" peak appears at 690 nm, which also shows a modulation effect as the polarization is rotated, but which is 90°out of phase with the ͑1,0͒ peak transmission. Figure 3͑b͒ shows the transmission through the nanohole array at the two modulation wavelengths of 735 and 690 nm as the polarization angle is rotated from the y direction to the 
FIG. 3. ͑A͒
The spectra show that x polarization gives destructive interference for the ͑1,0͒ peak of the nanohole array, whereas y polarization gives constructive interference for the ͑0,1͒ peak. The wavelengths that show the most modulation contrast are at 1 = 735 nm and also the sidelobe peak at 2 = 690 nm. ͑B͒ Plot showing transmission at the modulation wavelengths vs the polarization angle. The sine-squared-type fit has a minimummaximum contrast of 4.
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x direction, for a total of 90°. The transmission follows a sine-squared-type fit and the two curves intersect at 45°, confirming that the influence of the linear polarization angle is due to the electric field exciting the SP in a given direction for a specific wavelength, which can either be constructive or destructive, depending on the cavity width. Concerning the integration of nanohole arrays into plasmonic circuitry, as SPs are efficiently launched from a single nanohole array, 19 or even from one array to another over a distance of several tens of microns, 20 it is difficult to achieve high-density packing of individual SP devices. We propose here using Bragg mirrors to isolate several arrays, over a small distance of 5 m. The propagating SPs generated by the array of nanoholes cannot propagate efficiently in the Bragg mirror region. 18 Since eight grooves surround each nanohole array, there are 16 grooves total separating each array from its nearest neighbors, which is more than the number of grooves in which the reflectivity of the Bragg mirrors "saturates,"
18 creating an efficient blocking structure. To demonstrate this, we situated four rectangular Bragg resonators in a checkerboard pattern, shown in Fig. 4 . This array of arrays, from Fig. 1͑c͒ and shown again for perspective in Fig. 4͑a͒ , was illuminated from below ͑glass side͒ with a linearly polarized He-Ne laser, and imaged with a CCD camera using the microscope setup shown in Fig. 2 . The samples were also dimly illuminated from above with the broadband lamp, for better imaging conditions when no laser light was transmitted by the array. Each array in the checkerboard pattern has an edge-to-edge separation distance of about 5 m to the neighboring arrays. The mirrors in this arrangement act to confine the transmitted He-Ne laser and SP energy, increase or decrease the transmission depending on the cavity width and the polarization, and separate each individual 7 ϫ 7 nanohole array into distinct spots. Figure 4͑a͒ shows a SEM image of the checkerboard pattern device, the dashed arrows indicating which polarization allows the maximum transmission. Figures 4͑b͒-4͑d͒ show the CCD image where the polarization angle is set at 45°, horizontally, and vertically, respectively. Bright arrays show where the laser light is maximally transmitted. Where little laser light is transmitted, the arrays appear darker than the gold film surroundings, due to illumination from above with the broadband source. The "on-off" polarization dependence and the checkerboard arrangement are demonstrated, showing the separate, individual behavior of each Bragg resonator nanohole array device. This indicates that the surrounding Bragg mirrors can allow for high-density packing of individual SP devices. Figure 4 shows that the mirrors separate each nanohole array well, blocking interference and cross-talk from its neighbors.
In conclusion, we demonstrated two distinct properties of small nanohole arrays surrounded by rectangular Bragg resonators: ͑1͒ due to the rectangular cavity, the optical transmission is modulated depending on the polarization, and ͑2͒ the surrounding mirrors act to laterally confine the SP energy within the area of the nanoholes, minimizing cross-talk between adjacent devices, which allows for very high-density packing. Such a design may be useful for the development of plasmonic devices, such as spatial light modulators, display technology, and highly integrated plasmonic circuitry. 
